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An accurate calculational procedure for displacement production 
by gamm rays in silicon semiconductor material is needed for applica- 
tions in basic research, in radiation damage studies, and in commercial 
process evaluations. Displacement by gamma rays has been shown to result 
primzzily f r o m  the production of electrons by incident photons, then 
by displacement of lattice atoms by the electrons. 
calculations involving integration over electron energy of an electron- 
nucleus interaction, with the energy dependent photon-electron interaction 
included in the integration, have given results not in agreement with 
experimental values. 
two-step procedure involving first a calculation of the electron flux 
and spectrum, then the use of this information as input to a Monte Carlo 
calculational of displacement production. 
Previous one-step 
The method of calculation being followed here is a 
This report describes the first half of the computation; the calcu- 
lation of electron flux and spectrum in thin samples. 
of the cross section equations used is give, the incorporation of these 
into an Algol computer program is described, and results of typical 
calculations are presented. Because the initial motivation for this work 
was its possible usefulness for analysis of spectrum effects in radiation 
damage studies for electronics devices, the applied relationship will 
also be noted throughout the report. 
A justification 
. BACKGROUND 
* .  
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&-\ Radiation &mag e in  Semiconductor Devices . .  
Disturbances in the perfect regular i ty  of the  s p a t i a l  dependence 
of t he  poten t ia l  m c t i o n  in a semiconductor c rys t a l  produce allowed 
energy leve ls  in the energy band gap. Displaced atoms, vacancies, and 
various combinations of defect s ta tes  and impuPi5y atoms produce such 
disturbances. Allawed levels in the band gap const i tute  ca r r i e r  traps,  
which effect ively control  such parameters as electron and hole lifetime. 
Thus any semiconductor device cJxrac te r i s t ic  dependent on ca r r i e r  lifetime 
is  affected by displacement density. In t r ans i s to r s  f o r  example, l i fe t ime 
in the  base region controls current gain as shown in the  equation for 
* 
current t ransfer  effeciency 1.  
p =  sech i+- 
where w = base width 
D = ca r r i e r  diffusion 
T =  ca r r i e r  l i fe t ime 
constant 
I -  
- 
It is  this mechanism of increased t r a p  density which produces the  
most important permanent damage contribution from gamma radiat ion exposure. 
Although ionization and excitation do occur, t h e i r  e f fec t  is  quickly 
minimized by the kinet ics  of the c a r r i e r s  involved. 
Displacements from Gamma Radiation 
Although a photon m y  transfer  suf f ic ien t  energy t o  a l a t t i c e  atom 
t o  cause displacement, the cross section f o r  such d i rec t  displacements 
is  negl igibly small. Instead the major contribution arises from C q t o n ,  
pair-production, or  photo electrons, followed by displacement caused by 
the energetic electron. The electron-atom col l i s ion  as described by 
r e l a t i v i s t i c  scat ter ing theory shows that the  maximum energy t r ans fe r  
2 t o  the atom is  given by 
2( E e + 2 J $ e c  2 ,  Ee E =  max M cL 
where Ee = incident electron 
energy 
M e  = electron mass 
M = atom mass 
c = veloci ty  of l i g h t  
The best experimentally determined displacement energy f o r  a s i l i con  
atom i s  about 13 eV, thus f’rom the  above relat ion,  t he  minimum electron 
energy causing a displacement i s  145 KeV. For energetic electrons, 
‘Le B. Valdes, The Physical Theory of Transistors, McGraw-Hill ,  1961, p.287 
‘D. S. Bill ington and J. H. Crawford, Radiation Damag e in Solids, 
Princeton Press, 1961. 
. 
* - the energy transferred to the atom may result in f'urther displacements 
by the p r m y  =t.oE. I lh is  rn~l%.iplflrg action, plus the degendence of 
energy transfer on electron energy, lead to the c m e  shown in figure 1 . L .  3 
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F I G W  k ,  DAMAGE PRODUCTION IN T" SILICON SAMPI;ES 
'Ithe relation of ganrma irradiation to permenent semiconductor device 
damage developed thus far might then be summarized as follows: 
(1) - Gamrna radiation produces displacements in semiconductor materials 
primarily through intermediate electrons. Both electrons and displace- 
ment production are energy dependent. 
(2)- Displacement of lattice atoms into interstitial sites disturbs the 
periodicity of the potential, introducing trap levels into the forbidden 
energy band. 
(3)- The increased trap density reduces carrier lifetime by providing 
recombination sites. 
(4)- Reduced carrier lifetime affects engineering parameters of semi- 
conductor devices; in transistors, the current transfer efficiency is 
reduced, thereby reducing transistor gain by carrier loss.  
Thus calculation of the intermediate electron flux and of the resulting 
displacements represents the first step in analytical prediction of 
radiation damage to semiconductor devices from a given gamma source. 
J. H. Cahn, "Irradiation Damage in Germanium and Silicon due to 
Electrons and Gamma Rays", J. A p p l .  Phys , 30, 1312, (1959). 
. 
Previous Displacement Production Calculations 
&: Three pre-viecs calcul~tiod procedures for displacement production 
3 4 . .  by gamma radiation are those of Cahn , Oen and Holmes , and Galavanog. 
The similarities and differences of these methods with the one described 
in this report will be discussed after a brief review of the three 
approaches. . 
Cahn's calculations were for silicon and germanium, and included 
displacements by intermediate electrons from photoelectric, Compton and 
pair-production interactions. Photoelectron and pair production cross 
sections were taken f r o m  tabulated values of Davisson and Evans , and 
Grodstein . The H a n d  L shell cross sections were assumed to be 0.8 
and 0.2 respectively of the total photoelectric cross section. Pair- 
production cross sections for equal electron and positron energy were 
used. The KLein-Nishina differential energy cross section was intergrated 
to give the Campton electron component. Cahn, as did the other investi- 
6 
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gators, assumes a sharp displacement energy threshold, and integrates 
an electron-nucleus collision cross section over the electron energy 
range from the minimum displacement energy to the available electron 
energy of the photoelectron interaction. The differential energy-range 
relation for the electron is included to account for alternate energy 
loss mechanisms. !Be electron-&ucleus interaction used is that of Seitz 
and Koehler 
scattering cross section relations. Displacements through knock-on 
collisions of the primary displaced atom are included using the Kinchin 
and Pease model. Discussion of the computer program or of the computing 
machine used for the calculations is not given. 
8 based on the Mott-McKinley-Feshbach relativistic electron 
' 0. S .  Oen and D. K. Holmes, - J. Appl. Phys., 30, 1289, (1959). 
V. V. Galavanov, Fiz. Iverdogo Tela,  10, 432, (1959); translation in 
Soviet Physics-Solid State, p. 390. 
C. M. Davison and R. D. Evans, Revs. Modern F'hys, 24, 79, (1952). 
Gladys W. Girodstein, Natl. Bur. Standards Circ. No. 583, (1957). 
F. Seitz and J. S. Koehler in Solid State Physics, edited by F. Seitz 
and D. Turnbull, Academic Press, (1956), Vol. 2, p. 305. 
Oen and Holmes performed similar calculations f o r  thick samples 
of several materials, although not for  si l icon. Their calculations fo r  
t he  photo-electron col l is ion includes calculated Compton cross sections, 
a d  photoelectron cross sections calculated frcn the Hulme nmer ica l  
method fo r  electron energies less than 2 MeV, and the Hall high energy 
equations fo r  energies greater than 2 MeV. The treatment of the  electron- 
nucleus interaction for  low Z materials w a s  siinilar t o  that of Cahri.. 
Computations were performed on the now obsolete ORACLE computer. Subse- 
quent work by these investigations has been directed toward high Z 
materials and based on the corresponding scattering models f o r  nuclei 
7 
of large z'. 
The treatment of Galavanov is fo r  germanium, and includes calculations 
t o  show that displacement by direct  interactions of the photon and 
nucleus is  negligible. Galavanov uses tabulated photoelectric cross sections, 
and a form of d i f f e ren t i a l  energy KLein-Nishina equation for  the Compton 
cross section. The photminteraction equations are combined with a form 
of Mott's equation, and calculations a re  made f o r  sub-intervals of 
electron energy rather  than by direct intergration as i n  the previous 
calculations. EPfects of sample geometry, knock-on interactions,  and *_ 
possible loss mechanisms are not mentioned. 
Each of the  three papers includes comments on the apparent lack of 
agreement between the  calculated displacement production rates ,  and 
those actual ly  observed by measuring car r ie r  removal r a t e  dur ing  photon 
i r radiat ions.  Displacement production is  of the  order of u3 l e s s  than 
the  theoret ical ly  predicted value. Galavanov says that the discrepancy 
"is evidently due t o  imperfections i n  the experimental method of 
determining the number of defects". Cahn 
t h a t  the d i f f i cu l t i e s  probably are related t o  the theoret ical  model 
and Oen and Holmes suggest 
used f o r  the electron-nucleus interaction, and t o  the subsequent 
behavior of the  displacement defect. 
Based on the limited success of the  displacement calculation 
procedures, work on the  analytical approach has received l e s s  attention, 
while analyt ical  and experimental studies of the  mechanisms involved 
have expanded. Studies have been conducted t o  investigate the significance 
9 0. S. Oen (private communication). 
8 
of electron energy and direction with respect t o  tne c rys t a l  axis and t o  
determine the displacemeat +,hresholC: behwior. Experimental studies h v e  
snown that a multitude of defect states associated with defect pairing 
w i t h  impurities dominates the  carr ier  recombination behavior. The 
importance of defect annealing w a s  established by showing that simple 
defects may be mobile w i t h i n  the l a t t i c e  a t  temperatures as low as 4°180. 
0 .  
- I .  . .  
It is  because of these recent developments, and of improved photon 
interact ion models, that an attempt t o  develop a new calculationalproce- 
dure for  displacements i n  si l icon devices seems desirable. The present 
model d i f f e r s  f romthe  previous calculations promarily in that it is  f o r  
i r radiat ions of t h in  s i l i con  smples by any photon spectrum extending t o  
about 10 MeV. Calculations include photo e lec t r ic ,  Cmpton, and pair- 
production photon-electron interactions, w i t h  cross sections being calcu- 
la ted f o r  each within the computer program. Equations used fo r  photo- 
e l ec t r i c  and pair-production cross sections d i f fe r  fromthose used by 
either of the previous investigators. Rather than the  integration over 
electron energy previously used t o  give displacement densi t ies  directly,  
a discreet energy in te rva l  procedure allowing examination of the electron 
spectrum, and Monte-Carlo calculations f o r  subsequent electron behavior 
w i l l  be employed. %e value of knowledge of the electron spectrum, and of 
t he  Monte-Carlo technique w i l l  be discussed later. 
Photon Interaction Models 
In the  three displacement calculation models discussed i n  the previous 
section, the complexity of the photon-electron calculation varied from 
the  use of tabulated l inear  attenuation coefficients by Galavanov, t o  the 
calculation of cross sections by the lengthy H u h e  numerical approximations 
by Oen and Holmes. In the  present work, cross sections f o r  photoelectric, 
Cmpton, and pai r  production a r e  calculated within the computer program 
for  given values of photon and electron energy. Comparisons of the various 
equations and of experimental versus theoret ical  r e su l t s  given by Davisson 
and Evans12 were used as a s tar t ing point fo r  this work. 
11 
Work in the above areas is summarized in t he  Proceedings of the 7th I U  
International Conference on Physics of Semiconductors, Paris, 1964; 
Vol. 3, "Radiation EXfects i n  Semiconductors," Academic Press (1965). 
C, M. kv i s son  in Alpha-,Beta-, and Gamma-Ray Spectroscop , edited by 
Icai Siegbahn, North Holland Publishing Co., Amsterdam (l&), Vol 1, 
R. D. Evans, The Atomic Nucleus, McGraw-Hil l ,  (1955). 
P. 37. 
I 
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C .  
Theoretical imdels of photon interactions producing electrons are Y 
- 1  
based on evaluating the quantum mechanical t rans i t ion  probabi l i t ies  
fo r  t ransi t ions having a f r ee  electron as the f i n a l  s ta te .  The matrix 
element fo r  the t ransi t ion i s  calculated from the  general form 
and the cross section f o r  producing an electron of momentum 5 t o  5 + 
through this interaction by 
where 
M =  
%= 
Yc= 
H:= 
da= 
d3p = 
c, ,cz= 
t rans i t ion  matrix element 
bound s t a t e  electron wave function 
continuum s ta te  electron wave function 
interact  ion Hamiltonian 
d i f fe ren t ia l  cross section 
volume of momentum space of in te res t  
constants 
Defining the interaction Hamiltonian and the  wave functions is, of 
course, the  important and d i f f i cu l t  par t  of the problem. A usual proce- 
dure involves expanding the wave functions i n  a se r ies  of p a r t i a l  
waves, or expansions involving successive Born approximations. The 
Hamiltonian is  frequently approximated by pertubation methods. To simplify 
the  slowly converging series and higher-order pertubation models required, 
conditions on r e l a t i v i s t i c  considerations, atomic number, and screening 
are usually made based on the  physical considerations of a par t icular  
problem. Selection of the cross section equations t o  be used fo r  a 
par t icular  calculation must therefore be based on the photon and electron 
energy and atomic number t o  be considered. The scattering equations used 
f o r  this problem were chosen fo r  the photon energy range 0 - 10 MeV, fo r  
electron energies above 100 Kev, and f o r  small Z ( Z  s i l i con  = 14). 
For s i l i con  the  Compton process i s  the  major electron source f o r  
photon energies from about 0.1 t o  7 MeV. The additional complications of 
photoelectric and pair-production calculations have been included 
10 
- .  
to assure that monoenergetic or skewed photon spectra might be accuretely 
L . .  eralyzed 3y this program. Calculated cross sections for silicon by the 
equations selected for all three interactions were shown to give good 
agreement with available experiinental data. 
Compton Scattering 
Compton scattering, the scattering of photons by essentially free 
electrons, may be described with accuracy by the familiar Klein-Nishina 
equations. l3 The Klein-Nishina equations result from application of the 
quantum scattering theory with allowed iatermediate states for which the 
electron may absorb a photon, in violation of normal energy conservation 
laws. Although the scattering cross section per unit solid angle for the 
scattered photon results from the KLein-Nishina formula, elementary 
relativistic conservation of energy and momentum between the initial 
and final states may be used, along with the chain rule for differentiation, 
to give a differential electron energy scattering cross section. 
It is this differential electron energy cross section per electron 
which will be used for this calculation: 
- - -  -- 
a( TE 
~ V - T E  
hv 
da -nr: I 
dflE) moC2 z2 hT-TE 
where 
d 6  = differential cross section for Compton electron 
TE = electron energy 
hv= photon energy 
ro = classical electron radius 
TII~C'= electron rest PBL~S energy 
production per electron 
O( = h r /  m o  C 2  = photon energy in electron rest mass 
units. 
Considerations of conservation of energy and momentum give an upper 
electron energy limit for the C-ton interaction of: 
Note that the differential cross section equation (3)  yields positive 
l3 0. Klein and Y. Nishina, Z Physik 52, 853, (1929). ' -
11 
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i - -  ener 
cross sections f o r  energies greater t b  TE max, and i n  f a c t  has a 
posit ive s ingular i ty  a t  TE =hv. It is  therefore necessary t o  impose 
an upper electron/limiy TEmax, on calculations with this equation. 
According t o  Davisson, the Klein-TJishina formulation has shown 
- .  
& 
I -  
- 
I .  
agreement with experimental data f o r  energies less than 50 MeV. Radiative 
corrections necessary above 50 MeV are insignificant i n  the 
range of i n t e re s t  i n  t h i s  calculation. 
0 - 10 MeV 
Photoelectric Scattering 
Photoelectrons a re  produced by the  interaction of photons with the  
o rb i t a l  electrons i n  the  presence of the  nucleus. The interacting force 
f i e l d  with the nucleus i s  necessary fo r  the  conservation of momentum, and 
consequently the probabili ty of such interaction increases with increasing 
electron binding energy. Before about 1954, the most accurate theoret ical  
r e su l t s  fo r  K she l l  electrons were those of the  &lme14 numerical 
approximation for  l o w  energies and high atomic number. The most accurate 
equations for  low Z Over rather wide energy limits now appears t o  be 
those of Pratt 15' 16. Using approximate Coulomb wave f'unctions, and 
making use of computer techniques, matt has carried up t o  40 terms i n  
t h e  expansion Qf t he  wave f'unction i n  cross section calculations. 
Although his ea r l i e r  equations were developed f o r  the high energy limit , 
he has extrapolated t o  low energies using the energy dependence relat ions 
developed by Gavrila17 t o  get, for K she l l  photoelectric scattering: 
5 = [(f -(AZ]')''* - I ]  = binding energy of K shell  electron 
L4 H. R. Rube, J. McDougill, R. A. Buckingham, and R. H. Fowler, Proc. 
Roy. -* Soc 9 (London), - A I& 131. (1935). 
l5 R. H. Pratt, Phys. Rev., 117, 1017, (1960). 
-
1L 
Lu R. H. Pratt, R. D. Levee, W. Aron, R.C. Pexton, H. Hall, Bul. Am. Phys. - -., SOc .2 7 492, (1962). _-  
''( M. Garrila, Phys. Rev., 113 5, (1959). --, 
. 
&- - .  
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r o  = c la s s i ca l  electron radius 
A 
mc2= electron rest  mass energy 
hY= incident photon energy 
= 1/137.04 =fine- s t ructure  constant 
g = V /c = velocity r a t i o  v = photoelectron veloci ty  
Rather than compute an even more complicated L she l l  photoelectron 
behavior, the experimentally observed ra t io ,  1.09, of a l l  photoelectrons 
t o  K she l l  photoelectrons fo r  silicon18 w i l l  be used. The energy of the  
photoelectron i s  the photon energy l e s s  the  electron binding energy; only 
electrons of t h i s  energy appear f o r  a given photon energy. Since displacement 
calculations w i l l  be concerned with electron energies in excess of 100 kev, 
the 1.8 kev binding energy will be neglected i n  these calculations. 
Pair-Production 
Pair-production i s  the  absorption of a photon of energy greater than 
2moc , followed by the emission of a positron-electron pa i r  with t o t a l  
energy, including r e s t  mass energy, equal t o  that of the photon. The same 
quantum scattering approach described ea r l i e r  is applied t o  this case, the  
only difference being t h a t  the  electron i s  i n i t i a l l y  i n  a negative energy 
s ta te .  Bethe and HeitlerLg f i r s t  obtained a solution fo r  pair-production 
using plane waves for  both the positron and electron, using the Born 
approximation, neglecting screening effects,  and including the electron- 
nucleus interaction as a perturbation term in the interaction relation. 
Since electron velocity distribution is  of in t e re s t  i n  the present 
2 
calculation, the use of the Born approximation leads t o  diff icul ty ,  as the  
Bmn approximation requires that - . The atomic number of 
s i l i con  
included i n  the calculations, the corresponding small value of 
idates the above condition. 
181bid, Davisson, Appendix I. 
1: p (( ' 
is  suf f ic ien t ly  low,  but i f  small electron veloci t ies  are  t o  be 
6 inval- 
"H. A. Bethe and W. Heitler, Proc. Roy. Soc. (Undon), u46,  83, (1934). 
I -  
I 
l -  
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- - Hough’ has noted the  diff icul ty  a t  low electron energies, imd has 
developed 9c eqwtion w i t h  correction terms t o  the  Bethe-Heitler equation. Y - .  
A t  low photon energies (4.2 > a< > 2 ) , Hough’s equation leads t o  
the  Bethe-Heitler value fo r  equal division of eoergy by the  positron and 
electron, times a fac tor  which symmetrically reduces the  cross section t o  
zero as the kinetic energy either pa r t i c l e  approaches the t o t a l  available 
kinetic energy. Hough’s equation is: 
where *,= Bethe-Heitler equation f o r  equal eoergy t o  
positron and electron 
a= 
P =  
x =  
C= 
(=-‘I = f ract ion of kinetic energy t o  electron 
(d -2) 
The second term in brackets of equation (6) is  the correction term, 
). Hough gives which i s  omitted when it is less than zero (4.2 ) o( 
data showing the  good agreement of his equation with the Bethe-Heitler 
equation f o r  higher energies, and the  desired departure from the  Bethe- 
Heitler values f o r  Cy < IO . 
Neither the Ekthe-Heitler nor Hough treatment account f o r  the s l i gh t  
difference i n  energy f o r  the positron and electron due t o  nuclear a t t rac t ion  
and repulsion. Evans shows that the positron w i l l  receive a maximum of 
x)P.V. C. Hough, Phys. Rev., 73, 226, (1948). 
I 
14 
* 
* 0.0075 Z MeV more energy than the electron, and this at. very low energies. 
For t h e  presait calcuiations, displacements by positrons will be calculated 
using the same equations as for electrons, and therefore no attempt to 
account for the assymetry will be included. 
. .  Y 
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DISCUSSION OF SCATllERSHOT I11 COMPUTE3 CALCULATIONS 
Calculational Procedure 
I 
1 .  
I -  
s . )  
The SC-SHOT I11 computer program is  a computational procedure 
f o r  calculating the electron flux and spectrum i n  s i l icon,  given an 
incident photon f lux  and spectrum. A program remaining t o  be written w i l l  
take the data and output of SCATIEEEHOT I11 as input f o r  performing 
Monte-Carlo calculations of displacement production within small s i l icon  
samples. A Monte-Carlo calculation w i l l  be used t o  allow more f lex ib le  
consideration of several interaction models, of losses due t o  sample 
geometry and of competing loss process. The re la t ive  significance of 
the various electron processes and of t h e 0  effect  on correlation w i t h  
experimental resu l t s  should be more readi ly  displayed w i t h  Monte-Carlo 
calculations. 
Fo t h i s  program the electron flux and spectrum are  calculated f o r  
a given photon energy, photon flux, and photon spectrum weighting 
factor.  The energy range for  possible electron energies i s  divided in to  
equal increments, and t h e  number of electrons produced i n  each energy 
increment i s  calculated. The calculation i s  repeated f o r  any nmber of 
sets of values for  photon energy, flux, and spectrum weight, and a running 
t o t a l  of electrons i n  each energy increment i s  carried throughout the 
calculation. Thus for  an isotope source having a s ingle  energy of 
photon emission, the calculations are performed f o r  t h i s  photon energy 
value only, and the spectrum weight i s  unity. For an isotope having 
several  values of photon emission energy, the calculations versus electron 
energy are repeated f o r  each photon energy, the  appropriate weighting 
fac tor  fo r  each photon energy i s  used, and a running t o t a l  of electron 
f lux  i n  each increment is stored i n  an array. If computations are t o  be 
made fo r  an incident photon spectrum, the photon spectrum is  divided 
in to  any number of energy intervals, a representative energy and fract ion 
of photons i n  each interval  i s  chosen, and the running t o t a l  electron f lux  
f o r  each photon energy in te rva l  is computed. Ih each case the final 
running t o t a l  electron flux is the desired t o t a l  electron f l u x .  
. 
16 
4 . .  
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Because the  photo electron f l  uc is assumed i n  t h i s  program t o  be 
mononenergetic f o r  a given incident photon energy, the photoelectron 
flux i s  calculated and recorded separately, and i s  not added in to  an 
electron energy increment. 
A detailed step-by-step explanation of the calculational procedure 
along with computer flow charts is  given i n  Appendix I. A copy of the 
program is a lso  given, and representative data i s  given i n  Appendix 
11. 
Program Checkout 
After the computer programwas debugged of simple errors,  a check 
of calcuated versus published values for  each of the three interaction 
mechanisms w a s  made. For a checkout of the photoelectric scattering 
equations, values of calculated cross section w e r e  compared t o  those 
of Davisson.21 For photon energies of 0.04, 0.10, 0.662 MeV, the differences 
between Davisson's values and the calculated values are  2.5%. 0.94, 
and 5% respectively. Zn the  present calculations, only photon energies 
greater than about 0.1Mev are of in te res t ,  and the cross section is  
down by a factor  of 10 
contribution i s  a l so  the region of  very close agreement by the  calculated 
values. 
given by Davisson for Compton interaction22, the calculated values do not 
depart by a detectable amount f r o m  the  curves of Davisson. 
4 moc2 and 15 moc were compared t o  the values taken from Evans . 
Agreement w a s  observed t o  w i t h i n  the accuracy of the  graphical technique. 
3 at 1 Mev, thus the region of s ignif icant  
For calculations at the three values of photon energy of the graphs 
Calculated pa i r  production cross sections f o r  photon energies of 
2 23 
"Davisson, Ibid., Appendix 1, p. 833 
Davisson, Ibid, p. 57 22 
23 Evans, Ib id ,  p. 704. 
. .  
c 
1 .  Calculations f o r  Several Photon Sources 
Using the SCATTERSHOT IIIprogram, calculations were made of the 
60 electron f lux  and spectrum i n  s i l icon f o r  250 Kev photons, 
N a  , and f i ss ion  gammas. The calculations were normalized t o  one 
Roentgen; based on the  f lux  producing one Roentgen (Tables 1 md 2) ,  
t h e  corresponding values of photon f lux  and spectrum weight a r e  given 
for the  varioal6 photon components. 
Co , 
24 
An electron energy increment of 0.01 Mev was used, and the nmiber 
of electrons i n  each increment was calculated using cross sections 
calculated f o r  the  mid point energy. These computer r e su l t s  a re  given 
i n  Appendix 11, The resu l t s  axe presented i n  terms of d i f f e ren t i a l  
electron f lux  versus energy i n  Figures 2 - 6. 
Note that, as mentioned ear l ier ,  t h e  Compton ef fec t  dominates the  
electron production. The smooth Compton curves peaking a t  t he  maximum 
electron energy corresponding t o  each photon component a re  disturbed 
noticeably by pa i r  production only fo r  the N a  
t he  one photoelectron peak occurs at  an electron energy greater than the 
allowed Compton maximum, thus i s  possibly important i n  experiments 
such as displacement threshold determination. For s i l icon,  photoelectric 
and pa i r  production electrons would be dominant only f o r  very so f t  o r  
very hard incident photon spectra. The "saw-tooth!' electron spectrum 
shown i n  Figure 6 f o r  incident photons having a 
should instead be a smooth curve. Because a single representative 
energy was used for each of the  thir teen energy intervals  of the incident 
f i s s ion  photon, flux, a non-existent Compton peak corresponding t o  each 
is  calculated. This i r regular i ty  could be minimized by decreasing the 
photon energy in te rva l  size, i.e., by increasing the number of components 
i n  the energy breakdown of the incident photon spectrum. The dashed l i n e  
i n  Figure 6 is  an estimate of the actual  electron spectrum. 
24 curve. 3br each soGce, 
f i s s ion  spectrum 
Review of Results 
Although the f i n a l  objective fo r  this study i s  the calculation 
of displacement densities, the resul ts  of t h i s  first phase of the study 
are informative. Results of t he  computer tabulations (Appendix 11) f o r  
18 
Table 1 - Energy Analysis of Monoenergic Sources 
Source 
~~ ~ 
Idealized 
X-ray 
%chine 
137 cs 
60 
co 
24 Na 
(Calculated from data i n  Rockwell, Reactor 
Shielding Design -UBI, page 20) 
Photon Energy 
(MeV) 
0.250 
0.662 
1.173 
1.332 
1.380 
2 758 
Normalized Spectrum 
Weight 
1.0 
1.0 
0.5 
0.5 
0.5 
2 Photons per Roentgen cm 
9 7.20 x 10 
2.56 109 
1.59 x 10 9 
9 1.10 x 10 
Table 2 - Energy -lysis of Prompt Fission Camma Spectrum 
(Calculated f’rom data  i n  Rockwell, Reactor Shielding 
Design ~ a n u a l ,  page 34 
0.5 
1.0 
1.5 
2.0 
2.5 
3 -0 
3.5 
4.0 
4.5 
5-0 
5.5 
6.0 
6.5 
Photons per f i s s ion  
i n  3 ~ e v  i n t e r n  
about h r  
3 - 1  
1.9 
0.84 
0.55 
0.29 
0.15 
0.062 
0.065 
0.019 
0.017 
0.007 
0.004 
0.024 
Normalized Spectrm 
Weight 
0.443 
0.272 
0.120 
0.0789 
0.0415 
0.0214 
0.0089 
0 0093 
0.0034 
0.0027 
0.0024 
0.0010 
0.0006 
Photon flux f o r  one Roentgen = 1-73 x 109 hotons + 
i 
~ ~~ Electron Energy, MeV 
i 2 3 
Electron Energy, MeV 
4 
Bhctron Enerrzv. MeV 
22 
.. 
2 3 
Electron Energy, MeV 
4 
23 
i 
Dif fe ren t i a l  Electron Flux vs. 
Electron Energy f o r  1 Roentgen 
of FISSION SPECTRUM photons. 
Electron Energy, MeV I 
11 
. m. 
& 
I .  
lOl0 
Electron Energy (Mev) 
Electron Energy (bv) 
24 
1 2 3 4 
Electron Energy (MeV) 
$3 
0 
k 
-P 
0 
Q) 
rl w 
Electron Energy (Mev) 
FIGURE I - Electron Flux and Spectrum from one Roentgen 
in Comgm Sources Compared to Fission Source 
25 
6 . .  electron flux and spectrum a re  summarized i n  Figure 7. The electron flux 
curve from the f i ss ion  gamma spectrum (Figxre 6 )  is  super-imposed on 
each curve t o  f a c i l i t a t e  visualcomparisons. Values at  points of in te res t  
a r e  given in Table 3. 
r 
Photon 
Source 
250 Kev 
Photons 
2s 
20 
137 
60 
24 ‘Ja 
TABLE 3 Summary of SCATTERSHOT 111 Results 
0.250 
0.662 
1.173 
1.332 
1.380 
2.758 
0.124 
0.478 
0.963 
1.118 
1.164 
2.524 
Photoelectron 
Flux of Eaergy 
Photon Energy 
(elec. /cm2*R) 
_ _ ~  
7 2.3 x io  
5 5.3 x 10 
4 3.9 x 104 
2.8 x 10 
4 
3 1.8 x i o  3.4 x 10 
Compton, Pair 
with Energy 
I 0.145 MeV, 
(elec /cm2* R: 
ElectrGiI 
0 
6 
6 
1.14 x 10 
3.4 x 10 
1.9 x i o  
6 
I n  the first section of t h i s  report, a minimum displacement 
threshold by electrons of 0.145 MeV w a s  reported. From Table 6, it is seen 
t h a t  the Compton f lux from 250 Kev photons has a maximum energy of O.I-24 
MeV, and cannot produce displacements. The only electron component from 
250 Kiev photons of suff ic ient  energy t o  cause displacements i s  the 2.3 x 10 7 
2 electrons/cm O R  photo electron f l u x  of energy (0.250 MeV - electron binding 
energy). Note, however, that the  photoelectron component alone is  greater 
than s i x  time the t o t a l  electron component of any other source. !The significance 
of the  knock-on col l is ions as displayed i n  Figure 1 now becomes apparent, 
since the data i n  Table 6 would infer 
lower energy photons a re  more eff ic ient  for  displacement production. That 
this is  not the case is  indicated by reported experimental resul ts .  24 
tha t  Roentgen-per-Roentgen, t he  
An al ternate  explanation for the  greater effectiveness f o r  damage 
24J. W. Clelmd, R. F. Bass, and J. H. Crawford, Proceedings of the  7th 
International Conference on Physics of Semiconductors, Vol. 3, Academic 
Press (1965), p. 402. 
production by higher energy photons discussed by Cleland, et. al., is that 
the natke of the defect formed might depend on electron energy. The 
lower energy electrons might be producing large numbers of defects, 
but of unstable types which might anneal at low temperature. Although 
the measurements cited 
conducted at b0C. 
were made at 77%, the irradiations were 
Very large discrepancies ( ~ 2 0 0 0 )  between predicted and observed 
displacement rates are reported by Cleland, et. al., for low energy 
sources as Csl3?. Additional experiments using the large photopeak 
electron fluxes from various low energy isotope photon sources might 
be used to explore displacement producton in the low energy range. 
With regard to the applied practice of simulating gamma radiation 
effects damage from fission spectra by using isotope sources, the 
possible uncertainty is apparent. Certainly the Roentgen-per-Roentgen 
comparison commonly used could result in underestimates of radiation damage 
in silicon by factors of 1000 or greater if low energy isotope or x-ray 
sources are used for the irradiation testing. An analytical method for 
correlating data between sources will require additional clarification 
of existing concepts of the electron-produced displacement process. The 
next phase of this program will be an investigation of this process. 
An alternate approach to the-applied problem not requiring an 
extension into areas poorly defined at present, would be to use 
combinations of isotope sources to stimulate the electron spectrum pro- 
duced by the fission (or other) photon source. It is the secondary 
electron flux and spectrum, not the incident gamma flux and spectrum 
which must be simulated in radiation damage experiments. The required 
intensity from several isotopes could be calculated using SCATTERSHOT 111, 
to match the electron flux and spectrum calculated for the photon 
spectrum of a mission source. Thus the radiation damage inside a semi- 
conductor device in the isotope-combination source would accurately 
approximate that from a mission gamma flux and spectrum, regardless 
of the complexities of the electron-nucleus interaction or of subsequent 
defect motion. 
I 
I 
I - -  
APPENDIX I 
The SCATTERSHOT I11 Program 
Figure 8 shows a flow diagram of the computer calculation proce- 
dure. Although the immediate in te res t  i s  i n  s i l i con ,  a;ton?ic number w a s  
l e f t  as a parameter which may be varied within the  l imitat ions t o  l o w  
Z f o r  the  photon cross section models used. 
Referring t o  the  numbers on the flow chart  of Figure 8, the  s teps  
1) 
the  first data card. 
2) 
spectrum weight. When no more sets of values (i .e. ,  data cards) 
a r e  available, t ransfer  control t o  lab le  STOP which terminates 
calculations. 
3 )  
which calculations are being made. 
4) Calculate and write out photoelectron f lux  i n  the sample f o r  
the given input parameters. The calculation i s  based on the  cross 
section equation of P la t t ,  equation 5, and i s  shown i n  the flow 
chart  of Figure 9. The f i r s t  f i v e  calculations are r e l a t i v i t y  
constants used l a t e r  i n  the  calculation, and AZ is  the  f ine  
s t ructure  constant. Photo-electron f lux  (PEFLX) is calculated 
using the cross section (TAU). Although not shown i n  the  flow 
chart, the r a t i o  1.09 of a l l  photoelectrons t o  K shel l  photoelectrons 
f o r  s i l i con  is  included as discussed eezl ier .  
5) 
electrons for  the given input data set. The d i f f e r e n t i a l  Compton 
electron f lux a t  TCMAX is also calculated and written. 
6) T e s t  t o  see whether the photon energy is  l e s s  than the  required 
1.02 MeV required for pa i r  production. If YES, proceed with calcula- 
of Compton electron f lux  only; if no, begin the  calculation of 
Compton and pa i r  production flux. Both processes give a spectrum 
of electron energies, thus the number of electrons i n  equal i n t e r  - 
i n  the program are: 
Read i n  the values of atomic number and atomic density from 
Read i n  one s e t  of values of photon energy, photon flux, and 
Write headings t o  show the s e t  of values from s tep  2 f o r  
Calculate and write out t he  maximum energy (TCMAX) of Compton 
. 
i. 
I .  vals  of electron energy are  calculated and wri t ten versus the  mid 
point energy. 
7a) 
production electron f lux  for  electron energies from zero t o  the  
m a x i m u m  f o r  pa i r  production. The calculation is  repeated f o r  each 
electron energy increment, and the  accumulated flux f o r  that 
increment i s  stored i n  the  array, SUM [I] . "he procedures for 
Compton f lux  (CFLX) and pair production f lux  (PPFLX) given i n  
Figures 10 and 11 are  straightforward application of t he  cross 
section equations (3 )  and ( 5 )  developed i n  the section on photon 
interact ion models. 
T o )  
fo r  electron 
production. For a l l  values o f  incident photon energy, t he  difference 
between the  photon energy and the  Compton edge is  l e s s  than 1.02, 
thus TCMAX (h? - 1.02). 
8) The a l te rna te  path t o  7a and ?''b i s  the  calculation of Compton 
f l u x  only for  photon energies l e s s  than 1.02 MeV, the  pa i r  produc- 
t i on  threshold. 
9 )  
START (Step 2)  t o  go through the complete calculation f o r  t he  next 
photon energy component. 
10) 
i s  transferred t o  STOP t o  terminate the program. The electron f lux  
values f o r  the last printout of the  a r ray  sum 
Running Total Electron Flux, i s  the t o t a l  electron flux i n  the  
sample. 
These s teps  represent the calculation of Compton and pa i r  
Calculation of Compton electron flux i s  continued from 7a 
energies greater than the maximum possible from pa i r  
The index of the  array is  r e se t  t o  zero before returning t o  
If no more values of photon energy are  available,  control 
[I] , labeled 
W 
I - 1  
f-& E H n 
- 3  
V 
c ~ CI H
. . .  
b 
MEETA+ (4/3) + ((1 - 3 x R C l 2  + 2xRC) / (ALFA x R C U ) )  x (1+ 
(RC / (*BETA) ) x ~n ( (LBETA) /  BETA)) ) 
"PROCEDURE '* PEFL~JX 
I -  
AJTA- (IINU / 0.511) 
lECA* ( W T  (ALFA X (2+ALFA))) / (l+AL;FA) 
I 
R C +  1 - BETA X BETA 
I 
r - 7  RCl2 SQFiT (BETA) 6 ~ ~ 3 2  - RCU *3 
TAU + KL x MBETA X (1 + (3.14159 x AZ) x (NBETA / MBETA)) I 
. 
PROCEDURE SRCFIX 
BEGIN 
I 
BEGIN 
PBHX + (1-P1) x ((((4-Plxp1) I x (P2-1))/3)-(PLxPh.P3x 1 
1 
P1 C (2 / ALFA) 
P2 (2/(1-PLxp1)) x h(AI;FA/2)  
I 
TppnvX~- 
~~ 
PPFIXC KAPPA x GFIX x SPEW x ZDEN x (ATE) 
- 
I (P3-1)) - (Pl*4) x P3 x (P2-P3)) 
m +  m / (m - 1.02) 
x (1-pTR)) I 
I . 
TERM + 0.135 x (PBHX- .52) x (1-P4xP4) 
KAPPA 6 (AZx Z x 7.941 @-26 x Il
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APPENDIX 11: Data f r o m  SCATTERSHOT I11 Calctllations 
34 
FOR: -250 Kev Source 
- d 3 7  G= Source 
-Co 60 Gamma Source 
-Na 24 Gamma Source 
- Fission Gamma Source 

. sc 4 . .  
0.395 
0. in5 
0.115 
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0.155 
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01 195 
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0 . L 4 5  
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